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Abstract There were two objectives to this study: (a) to
determine the reliability of measuring isometric maximum
torque (MT) and maximum rate of torque development
(MRTD) of the knee extensor and flexor muscles and (b) to
assess the effects of different muscular pretensions on MT
and MRTD of older adults. Maximum strength of 35
untrained healthy older adults (aged 66.9±6.6 years; height
1.72±0.07 m; weight 75.2±9.6 kg) was measured. Strength
measurement was performed with the Dr. Wolff ISO Check
using a piezo-electric force transducer. MT intra-day coeffi-
cient of variation (CV) was between 3.30 and 12.40 % for
both measurement sessions. Intraclass correlation coeffi-
cients (ICC) ranging from 0.71 to 0.99 showed good relative
reliability. MT test–retest reliability (between sessions 1 and
2) of knee extension reached a CV between 7.10 and 9.30 %
and high ICC values. The measurement of the knee flexion
achieved an acceptable CV (9.40 %) at 40 % muscular
pretension. MRTD was negatively influenced by muscular
pretension (p <0.05). In conclusion, MT could be measured
reliably over different trials using isometric strength mea-
surement. The test–retest reliability was acceptable at knee
extension with 10 to 40 % muscular pretension and with
40 %muscular pretension at knee flexion. A higher muscular
pretension has no impact on MT but decreases MRTD in
older adults.
Keywords Aging . Strength measurement . Torque . Lower
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Introduction
Human muscle strength is a complex phenomenon that is
determined by many factors such as age, gender, type of
contraction, and the testing position during the strength
measurement [21]. With increased age, sarcopenia leads to
an increased strength reduction, accompanied by a decrease
in the activities of daily living (ADL), resulting in one's
independent life during old age placed at a higher risk [39].
Additionally, muscular strength of the lower extremities is
crucial for ADL such as standing up from a chair [1]. Fur-
thermore, a major risk factor for falls is found in reduced
strength in these muscles [8, 15, 19, 22, 28, 29] therefore,
having strong thigh muscles contributes to fall prevention [1,
25, 30].
Many older adults are unaware of the extent of strength
loss in their leg muscles and the associated consequences.
Although 77 % of older adults correctly estimated their
strength, there was an overestimation in comparison to their
actual measured strength values [27]. To evaluate the
strength level of older adults, suitable methods which pro-
vide meaningful and reliable values for strength measure-
ments of leg muscles are required [36]. Besides isokinetic
methods, isometric dynamometry is one of the preferred
methods for the assessment of neuromuscular function in
sports science. In addition to measuring maximum strength,
the explosive strength or rate of force development, should
also be considered [17].
Most studies measuring isometric strength have only con-
sidered the anterior (knee extensors) muscles of the thigh [4,
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14, 18, 27, 34, 35]. However, for maintaining dynamic
stability, both flexors and extensors are essential and should
be considered in measurements. Through the interaction of
knee flexors and extensors, the center of gravity could be
kept in the area of support, e.g., while standing up from a
chair, walking, or in the recovery from stumbling; and falls
could be avoided [7, 9, 12, 20, 24, 30]. Studies regarding
isometric strength of knee extensors often measured the
dominant leg [4, 9, 21, 25, 32], or both legs individually
[9, 30]. Therefore, this investigation measured isometric
maximum torque (MT) and maximum rate of torque devel-
opment (MRTD) of the knee extensors and flexors in bilat-
eral contractions. Earlier studies demonstrated the reliability
of isometric MT and MRTD in different measurement con-
structions [2, 9, 31–33, 36, 38].
The primary objective of this study was to determine the
reliability of measuring MT and MRTD of the knee extensor
and flexor muscles of older adults in the Dr. Wolff ISO
Check (seated measurement chair to assess isometric
strength; see Methods). The second aim was to investigate
the influence of different levels of muscular pretension on
MT and MRTD. The muscular pretension seems to have
strong influence on strength measurement (MT; MRTD).
Considering the literature, there are few studies focusing on
this area and therefore recommendations concerning the
optimal level of pretension for strength measurement, espe-
cially in older adults [5, 35] is limited. Viitasalo [35] exam-
ined 13 healthy male physical education students with a
mean age of 21.5 years measuring isometric one-leg strength
with different muscular pretension levels (20–70 % of max-
imum voluntary contraction). The results demonstrated a
small but significant decrease in the effect on the maximal
isometric strength. However, there was a greater conse-
quence on the rate of force production. The rate of force
production decreased as a function of pretension level [35].
From a physiological point of view, there are two explana-
tions which are possible. The first possibility is to reach a
higher muscular pretension one increases the number of
recruited motor units and their firing frequency [35]. At
low muscular pretension especially slow motor units are
firing, preserving fast motor units. The latter can be used to
complete a maximum rate of force or torque development.
With the rise in muscular pretension, the fast motor units are
already utilized to a greater extent in the maintenance of
muscular pretension and finally not available for force gen-
eration [35]. The second possibility is the performance and
work of the contractile component and the muscle tendon
complex (MTC) which could decrease muscular pretension
gradually [37].
Based on the evidence presented, there are no results
concerning the effects of different muscular pretensions dur-
ing isometric strength measurement in older adults. From a
functional perspective, a bilateral measurement and the
inclusion of knee flexors and extensors should be pursued
in this target group.
Methods
The study was conducted in a test–retest design in two test
sessions at an interval of 1 week on the same week day in
spring of that year. Participants were instructed to maintain
their usual behavior in regards to nutrition, hydration, and
physical activity throughout the duration of the study. To
minimize circadian variations in muscular strength, each
participant was measured at the same time of the day. For
test reliability, the test procedure and researcher were identi-
cal on both dates. The study protocol was approved by the
ethics committee of the German Sport University Cologne.
Participants
The untrained (doing less than 2-h systematic sports per
week) participants (N=35, 21 men and 14 women) mean
(± SD) values for age, body height and body mass were
66.9±6.6 years, 1.72±0.07 m, and 75.2±9.6 kg, respective-
ly. Before executing the assessment, each participant com-
pleted a health questionnaire and submitted a medical clear-
ance certificate. The exclusion criteria included severe heart,
respiratory, renal or hepatic problems, advanced osteoporo-
sis, unstable diabetes, neurological diseases, and hyperten-
sion. Informed consent was granted by each participant once
all of the procedures were explained. All performance data
were anonymized before analysis.
Based on the results from previous research [35], an a priori
analysis estimated for MT with a sample of 24 participants
was required to detect a size effect of 0.31, with a power of
0.95 and an alpha of <0.05 for two sessions and four mea-
surements (F(3.66)=2.74). For MRTD a sample of four par-
ticipants was required for a size effect of 1.62, with a power of
0.99, an alpha <0.05 for two sessions and four measurements
(F(3.6)=4.75). Power analyses were performed with the soft-
ware GPower (GPower, v.3.0.10, University of Düsseldorf,
Germany).
Procedures
Strength measurement was measured via Dr. Wolff ISO
Check (DigiMax, Hamm, Germany) using a piezo-electric
force transducer (sample rate 100 Hz, measurement error
±0.5 %). The raw torque time curve (in newton meters)
was presented as online feedback via the accompanying
software DigiMax. There was a monitor installed on which
the participants could see the required muscular pretension
for strength measurement.
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At the first test session, the strength measurement equip-
ment was adjusted to each participant's body height. Strength
was tested in a seated-position with a hip angle of 90 ° and a
knee flexion angle of 60 ° [12, 21, 30, 32, 40], relative to 0 °
at full knee and hip extension (see Fig. 1).
The warm-up on the cycle ergometer consisted of 10 min
at 1.0W/kg body weight at a self-selected speed. Participants
had three submaximal warm-up and familiarization trials
with a minimum muscular pretension (<5 %). A maximal
voluntary contraction (MVC) trial with a minimal pretension
(reference MVC) was used to calculate the different muscu-
lar pretensions (PT) of 10, 20, 30, and 40 % (PT10, PT20,
PT30, PT40) of the MVC. Two trials were conducted for
every muscular pretension and resulted in 24 trials per par-
ticipant. Each trial lasted approximately 2 to 3 s. A rest
period between the single trials was 60 s and 5 min between
the knee flexor and extensor tests. The participants were
instructed to press as fast and as strong as possible on the
researcher's signal “go” against the pad. There was no verbal
encouragement during the measurement. To minimize a
learning effect, participants completed the muscular preten-
sion tests and the knee movements (extension and flexion) in
a randomized order in the first session. An identical test
sequence was followed in the second session (see Fig. 2).
The data noise was filtered by using an adaptive Butterworth
low-pass digital filter [22, 41].
The initiation of torque increase was defined as the point
at which each torque value increased (delta=0.01 N m s−1)
over the following 15 consecutive time points. Maximum
torque (MT: in newton meters) was determined by the peak
value of the torque time curve. The maximum rate of torque
development (MRTD: in newton meters per second; see
Fig. 3) was computed by differentiating the torque time
curve and determining the maximum slope of the curve
[17, 36]. When comparing data between the two sessions
(reliability and influence of pretension), the average value of
the two trials per condition was used. Additionally, the
average was also recorded from the two trials within each
day, for analysis.
Statistical analysis
The examination of normal distribution was carried out with
the D'Agostino–Pearson Test in medCalc (medCalc v10.4.8.0,
Mariakerke, Belgium). An Excel Spreadsheet (Excel 2007,
Microsoft, Redmond, USA) was used to test the reliability
(see Table 1) between the two trials and between the two
sessions [3, 10, 11, 13].
IBM SPSS Statistics 21.0 for Windows (International
Business Machines Corporation, Armonk, NY, USA) was
used for calculation of correlation coefficients and further
statistical analysis. An ANOVA with repeated measures,
with Greenhouse–Geisser correction, was conducted to as-
sess whether there were differences between the different
levels of pretension (10, 20, 30, 40 %) within and between
test sessions. If significant within-subject effects existed, the
estimated marginal means were used to identify the signifi-
cant differences. An alpha <0.05 was considered statistically
significant and an alpha <0.10 as indicative of a trend.
Results
Reliability
Trial-to-trial reliability of MT knee extension in sessions one
and two, mean difference (<4 %), coefficient of variation
(<6 %), and effect size (<0.14) were low (see Table 2).
Intraclass correlation coefficient (>0.97) and Spearman's cor-
relation coefficient (>0.94) were high. Between both sessions,
mean difference (<11%), coefficient of variation (<10%), and
effect size (<0.26) were slightly higher compared to trial-to-
trial, intraclass correlation coefficient (>0.93) and Spearman's
correlation coefficient (>0.87) revealed lower values.
The trial-to-trial reliability values for MT knee flexion in
sessions one and two showed a mean difference (<7 %), coef-
ficient of variation (<8 %, except session 2 PT10, 12 %), and
effect size (<0.10). The intraclass correlation coefficient
(>0.93) and Spearman's correlation coefficient (>0.92) were
Fig. 1 Participant placed in the Dr. Wolff ISO Check for knee exten-
sion measurement
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high. Between both sessions, the mean difference and coeffi-
cient of variation declined with increasing pretension. The
effect size (0.04–0.18) was slightly higher for trial-to-trial, the
intraclass correlation coefficient (>0.84) and Spearman's corre-
lation coefficient (>0.89) lower than that for knee extension.
Concerning the same aspects of reliability for MRTD, there
was a similar trend but with a higher coefficient of variation
and mean difference and a lower intraclass correlation coeffi-
cient and Spearman's correlation coefficient for MT.
Pretension
MT for knee extension showed higher values with increasing
pretension at both sessions (see Table 3). Figure 3 illustrates
Fig. 2 Procedure: the two
sessions with the trials at each
session
Fig. 3 Graphical illustration and
the equation for calculating the
slope of the torque time curve
(MT maximum torque; MRTD
maximum rate of torque
development)
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an example of one of the participants from the study of the
different strength time curves.
Repeated measures analysis of variance performed on the
data revealed significant differences between the two sessions
(F(1, 34)=27.189, p <0.001, η2=0.444) and between the
different pretensions (F(2.308, 78.484)=4.716, p=0.009,
η2=0.122). MT in knee flexion demonstrated a slightly differ-
ent characteristic in comparison to knee extension. There were
significant differences between sessions (F(1, 34)=8.666,
p=0.006, η2=0.203) and no differences between the different
pretensions (F(2.253, 76.604)=1.939, p=0.128, η2=0.054).
MRTD for increasing pretension were lower. There were no
significant differences for knee extension between sessions
(F(1, 34) < 1, p=0.926, η2 <0.001) but for different pretensions
(F(1.715, 58.297)=15.967, p <0.001, η2=0.320). MRTD for
knee flexion showed the same trend as knee extension i.e.,
lower MRTDwith higher pretension, apart from PT10 to PT20
for the first session. Repeated measures analysis of variance on
the four pretension levels revealed significant differences be-
tween the sessions (F(1, 34)=7.405, p=0.010, η2=0.179) and
between different pretensions (F(2.306, 78.418)=6.372,
p=0.002, η2=0.158).




Absolute reliability Mean difference (MD)
Coefficient of variation (CV)
Stability Intraclass correlation coefficient (ICCr)
Effect size (d)
Relative reliability Spearman's correlation coefficient (rs)
Table 2 Reliability statistics for strength measures (maximum torque (MT [N m]) and maximum rate of torque development (MRTD [N m s−1]),
n=35) obtained for knee extension and flexion during the two trials at the same session (tr1, tr2) and the two test sessions (s1, s2)
Extension Flexion
Comparison Variable PT MD [%] CV [%] SMD SEM ICC◊ d rs
◊ MD [%] CV [%] SMD SEM ICC◊ d rs
◊
s1: tr1–tr2 MT [N m] 10 2.30 3.30 0.06 0.09 0.99 0.06 0.99 6.30 7.90 0.11 0.14 0.98 0.09 0.98
20 2.90 5.40 0.08 0.15 0.98 0.08 0.98 2.50 7.20 0.05 0.13 0.99 0.02 0.97
30 1.60 5.10 0.05 0.15 0.98 0.06 0.95 3.70 5.80 0.08 0.12 0.99 0.06 0.97
40 3.70 4.40 0.12 0.14 0.98 0.13 0.97 1.90 4.80 0.05 0.11 0.99 0.04 0.97
MRTD [N m s−1] 10 2.50 19.30 0.05 0.34 0.90 0.04 0.90 6.10 19.70 0.08 0.23 0.95 0.08 0.95
20 12.20 29.00 0.22 0.49 0.82 0.23 0.85 5.50 21.70 0.07 0.24 0.95 0.11 0.97
30 −0.30 22.60 −0.01 0.38 0.89 0.08 0.90 5.80 15.40 0.07 0.18 0.97 0.10 0.95
40 0.90 30.10 0.02 0.54 0.79 0.04 0.79 1.90 29.40 0.03 0.43 0.86 0.05 0.85
s2: tr1–tr2 MT [N m] 10 1.40 4.70 0.04 0.13 0.98 0.04 0.97 −0.50 12.40 −0.01 0.28 0.93 0.03 0.97
20 0.90 5.20 0.03 0.16 0.98 0.01 0.95 2.90 6.00 0.07 0.14 0.98 0.06 0.98
30 1.80 5.00 0.06 0.16 0.98 0.08 0.97 0.70 5.30 0.02 0.13 0.98 0.02 0.97
40 0.00 4.40 0.00 0.14 0.98 0.01 0.98 0.60 4.80 0.02 0.12 0.99 0.03 0.98
MRTD [N m s−1] 10 8.00 13.70 0.15 0.25 0.95 0.16 0.94 −4.10 19.10 −0.06 0.27 0.94 0.04 0.95
20 4.90 18.30 0.09 0.33 0.91 0.11 0.88 5.60 18.50 0.07 0.23 0.95 0.03 0.94
30 −4.70 16.90 −0.10 0.32 0.91 0.02 0.90 0.30 17.40 0.00 0.23 0.95 0.02 0.95
40 −2.70 19.40 −0.05 0.33 0.91 0.11 0.87 4.70 18.00 0.07 0.25 0.95 0.09 0.93
s1–s2 MT [N m] 10 10.00 9.30 0.27 0.25 0.94 0.24 0.94 12.90 17.60 0.18 0.25 0.94 0.18 0.94
20 8.00 7.40 0.23 0.22 0.96 0.20 0.92 12.10 20.60 0.26 0.43 0.85 0.16 0.92
30 8.80 8.00 0.27 0.25 0.95 0.25 0.88 8.00 18.90 0.19 0.44 0.85 0.15 0.90
40 6.10 7.10 0.20 0.23 0.95 0.20 0.93 2.60 9.40 0.07 0.23 0.95 0.04 0.96
MRTD [N m s−1] 10 −7.90 22.50 −0.17 0.42 0.86 0.15 0.86 24.10 30.00 0.32 0.40 0.87 0.24 0.86
20 2.20 18.00 0.04 0.34 0.91 0.04 0.88 11.30 31.90 0.15 0.39 0.88 0.07 0.91
30 5.60 29.80 0.12 0.58 0.76 0.04 0.80 15.50 41.30 0.22 0.52 0.80 0.18 0.87
40 1.10 26.00 0.02 0.49 0.81 0.08 0.82 18.10 30.70 0.28 0.45 0.84 0.26 0.88
s1 session 1; s2 session 2; tr1 trial 1; tr2 trial 2; MT maximum torque; MRTD maximum rate of torque development; PT pretension; MD mean
difference; CV coefficient of variation; SDM standardized mean difference; SEM standard error of measurement; ICC intraclass correlation
coefficient; d effect size; rs Spearman's correlation coefficient
◊ Significant correlations (p <0.05)
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Discussion
Reliability
The stability between the tests (intraclass correlation coeffi-
cient (ICC)) showed good reliability for the knee flexors,
MT, andMRTD in both sessions, except for PT20, PT30, and
PT40. Test–retest stability between the sessions showed ICC
values of 0.76 and 0.96 for the knee flexors and extensors.
These results are in accordance with past studies [9, 31–33,
36, 38]. Other studies of the stability of measurement, i.e.,
effect size, highlight the reproducibility of measurements is
consistent during a specific session but not between the
sessions. It is suggested, if reliability is to be considered,
and then the ICC, MT and MRTD values should be reliable
[6]. Spearman's correlation coefficient (0.80–0.96) supports
a good relative reliability of measurement.
With respect to absolute reliability (coefficient of varia-
tion (CV) <10 %) between the individual trials, only the MT
in the knee flexors (except PT10) and MT in the knee
extensors in both sessions could be measured reliably. For
the absolute test–retest reliability between the sessions, only
the MT in the knee flexors, at PT40 and with all muscular
pretensions in the knee extensors, is reliable. In contrast to
previous studies [32, 36, 38], the high coefficient of variation
(>10 %) of the present study displays poor absolute reliabil-
ity. The different knee angles could have lead to a more
reliable measurement in knee flexion [38]. This facet could
be investigated in future studies by comparing different knee
flexion angles and the measurement reliability. Existing con-
troversial opinions to the measuring of reliability will be
challenging based on the notion of defining the specific
criteria of reliability in sports science [3].
In comparison, the strength values in the second session
were higher than those in the first session. These observa-
tions were confirmed by earlier studies [21, 33]. Despite the
consistency of the controllable factors, the authors speculate
that there was learning or practice effect after the first session
[3]. An additional session of “familiarization” prior to the
“real” measurement may mitigate a possible learning effect
and measurement error.
Hopkins et al. suggest a sample size of N=50 for reliabil-
ity studies for an accurate measurement of reliability [10].
Therefore, a further question should be considered; which
focuses on the suitable approach should be taken to ensure
the testing economy and participant retention. A comparison
of the number of testing sessions required to achieve one
repetition maximum (1RM) strength measurements in six
participants displayed a requirement of eight to nine testing
sessions by older adults [26]. An additional study concluded
that three familiarization sessions and two to three test trials
produced reliable 1RMmeasures [23]. For isometric strength
testing, there are fewer studies reporting this issue. However,
in isometric strength testing, the coordinative aspects do not
have such a meaningful impact on the measurements. Sub-
sequently, there is no certainty that a single, or several,
familiarization sessions would make any difference [16].
Therefore, further investigations are required to substantiate
this theory. Nevertheless, in intervention studies, practi-
tioners have to find a balance between systematic errors
and testing effort.
In conclusion, MT could be measured reliably over dif-
ferent trials using isometric strength measurement. The test–
retest reliability was acceptable at knee extension with 10 to
40 % muscular pretension and with 40 % muscular preten-
sion at knee flexion.
Table 3 Maximum torque (MT [Nm]) and maximum rate or torque development (MRTD, [Nm s−1]) at different muscular pretensions (PT10, PT20,
PT30, PT40) of knee extension and flexion at and between sessions 1 and 2 (M ± SD), n=35 and the differences between pretensions and sessions
Movement Variable Session PT10 PT20 PT30 PT40 Significant differences
Knee extension MT [N m] 1 191.8±70.2 196.6±68.8 197.7±62.8 201.8±60.4 PT10 to PT20, 30, 40 (p <0.05)
2 208.9±70.0◊ 210.6±67.5◊ 213.6±61.5◊ 214.4±64.4◊ PT10 to PT40 (p <0.05)
MRTD [N m s−1] 1 904.9±464.9 793.4±415.6 707.1±383.8 694.6±318.2 PT10 to PT20, 30, 40 and PT20 to PT30, 40 (p <0.05)
2 836.5±448.8 811.2±425.0 721.8±333.7 720.1±349.0 PT10 to PT30, 40 and PT20 to PT 30, 40 (p <0.05)
Knee flexion MT [N m] 1 172.8±77.5 175.9±79.0 175.9±70.0 185.0±69.8 –
2 185.7±66.4◊ 187.5±68.1◊ 185.9±68.3◊ 188.1±67.2 –
MRTD [N m s−1] 1 564.8±369.8 586.5±404.6 520.0±323.3 467.6±302.5 PT10, 20, 30 to PT40 (p <0.05)
PT20 to PT30 (p <0.05)
2 656.2±388.9◊ 616.7±402.5 581.7±361.3 550.3±325.6◊ PT10, 20 to PT40 (p <0.05)
PT pretension
◊ Significant difference between sessions 1 and 2 (p <0.05)
MT maximum torque; MRTD maximum rate of torque development
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Pretension
As hypothesized, there was a significant influence of muscular
pretension onMRTD. The assumption that theMRTDdecreases
with increasing muscular pretension was confirmed [35]. In this
study, a higher pretension corresponded to a lower MRTD.
From a physiological point of view, two explanations were
identified. The first explanation is, if one has a higher muscular
pretension, a larger amount of fast motor units are recruited with
an increase in their firing frequency [35]. In contrast, during low
muscular pretension, slow motor units are activated; fast
motor units are preserved to generate a larger maximum
strength [35].
The second reason is the performance and work of the
muscular contractile and tendon complex (MTC) which grad-
ually decreased through muscular pretension [37]. Therefore,
the results for MTshowed no differences at different muscular
pretensions in the measurement of isometric knee extensors
and flexors in older adults.
An optimal pretension could also be relevant for older
adults during power training. To prevent injuries, a minimum
muscular pretension could help to guarantee muscular pro-
tection of the joints. As the results in this study have shown,
the muscular pretension should be minimal to achieve a high
rate of torque development. Furthermore, after stumbling,
for example, a maximum rate of force development is more
important than the maximum force.
Regarding the influence of muscular pretension on max-
imum isometric and explosive strength, there are very few
results, especially when relating to older adults.
Conclusions
This study has identified the maximum knee extension and
flexion torque (MT) showed reliable trial-to-trial measure-
ments. With this in mind, good test–retest reliability (between
the two sessions) can be assumed with all muscular preten-
sions for knee extension. For knee flexion, the measurement
was only reliable with a muscular pretension of 40 %. For
MRTD, the results showed a poor reliability.
To achieve the highest available maximum torque in the
experimental environment, a minimal (10 %) is the means of
choice. To prevent injuries or measuring errors, a still present
pretension seems to be beneficial. The measurement error is
reduced to a suitable minimum standard value for older adults.
A higher pretension corresponded to a lower maximum rate of
torque development. Results showed that the different mus-
cular pretensions did not influence maximum torque in the
same way as maximum rate or torque development.
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